In this paper, we discuss the application of a simple Battelle structural stress model to evaluate the fatigue life of a self-piercing riveted (SPR) carbon-fiber-reinforced polymer (CFRP) composite to aluminum AA6111. The analytical model accounts for the forces and moments acting on the rivets to determine the structural stresses which were then plotted against the laboratory-generated fatigue life data. The master S-N curve determined in this study thus accounts for various factors such as the stacking configuration, rivet head height, and fatigue load ratios. The analytical model used in this study was able to collapse a large number of fatigue life data into one master S-N curve irrespective of stack-ups, rivet head height, and load ratios. Thus, the master S-N curve derived from the model can be used to predict the fatigue life of the SPR joints.
Introduction
Self-piercing rivet (SPR) has emerged as an economical and effective technique to join dissimilar and similar materials alike [1] [2] [3] . This could potentially play a crucial role in introducing light aluminum alloys and fiber-reinforced polymers as an attractive alternative to lightweight steels due to their potential to achieve a high strength-and stiffness-to-density ratio [4] . In particular, carbon-fiber-reinforced polymer (CFRP) composites are advantageous due to their high strength and stiffness. The introduction of CFRP in an automotive body structure can also result in weight savings of up to 10% greater than the use of aluminum and other lightweight metals and up to 50% savings when compared to steel [4, 5] . Numerous studies have explored the feasibility of using SPR to join CFRP to aluminum alloys [6] [7] [8] [9] [10] [11] [12] [13] . These studies have investigated the quality of the joint affected by die geometry [10] , in-plane distance between the rivets [13] , and oil pressure in a hydraulic system [11, 12] . In addition to studying the joint quality solely based on the quasi-static testing, evaluating the fatigue life of weld and mechanical joints is a crucial exercise for the automotive industry in the early stages of vehicle development. However, while numerous studies have been performed on the fatigue characterization of SPR joints between similar materials (e.g., aluminum to aluminum), the fatigue characterization studies of CFRP to aluminum SPR joints are very limited [6, [14] [15] [16] .
In addition to laboratory-generated coupon-level fatigue data, durability analysts and design engineers use a number of different parameters to estimate the fatigue performance of the joint [17] . Previously, researchers have proposed several damage parameters to successfully evaluate the fatigue life of resistance spot welds (RSW). Lin et al. [18] developed a closed-form structural stress and stress Metals 2019, 9, 359 2 of 9 intensity factors solution for spot welds. In addition, there are several mesh-insensitive approaches which employs the use of determining the forces and moments acting on the weld using a less complex finite element model of the weld [19] [20] [21] [22] [23] . These forces and moments obtained from the finite element analysis are then used as inputs to a fatigue damage parameter to estimate the fatigue life of the weld. The calculated structural stresses at the individual weld are then plotted against the fatigue life data obtained from the laboratory test to develop a master S-N curve. The main advantage of using such structural stress concepts are the reduced computational times, improved life prediction, and use of less detailed finite element model [17] . However, most of the structural stress concepts were primarily developed for spot welds and not particularly for SPR joints. Cox et al. [24] was one of the early researchers to develop the Battelle structure stress model based on the structural stress concept to evaluate the fatigue life in SPR joints. The procedure employed was primarily based on the methods used by Hong [25] for spot welds. Since the fatigue failure mode in SPR joints are predominantly due to sheet failure [6, 15, [26] [27] [28] [29] [30] , which is similar to failure modes observed in spot welds, it is reasonable to apply the above methods for SPR joints. In our previous studies on dissimilar SPR joints [15, 16] , we have presented a single master S-N curve for lap-shear and cross-tension SPR joints using Rupp's structural stress method. The master S-N curves presented were only for the SPR joints that were fatigue-tested at load ratio R = 0.1 and was not verified for other load ratios. Hence, in this study, we have employed the Battelle structural stress method to evaluate the fatigue life and develop a master S-N curve for the SPR joints between dissimilar and similar material stacks in lap-shear configurations which were tested at load ratios R = 0.1 and R = 0.5.
Materials and Methods
Mixed material lap-shear SPR joints were fabricated from one 2.5 mm thick continuous braided fiber CFRP laminate (top sheet) and one 2.5 mm thick aluminum AA6111 coupon (bottom sheet). Additional lap-shear SPR joints were created from two similar sheets of 2.5 mm thick AA6111 coupons. Schematics illustrating the geometric configuration of the representative lap-shear SPR joint is presented in Figure 1a .
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Mixed material lap-shear SPR joints were fabricated from one 2.5 mm thick continuous braided fiber CFRP laminate (top sheet) and one 2.5 mm thick aluminum AA6111 coupon (bottom sheet). Additional lap-shear SPR joints were created from two similar sheets of 2.5 mm thick AA6111 coupons. Schematics illustrating the geometric configuration of the representative lap-shear SPR joint is presented in Figure 1a . CFRP coupons with dimensions of 25 mm × 100 mm were cut from compression-molded plaques with dimensions of approximately 300 mm × 300 mm using a wet diamond saw. The CFRP plaques comprised a three-layer braided fabric (0 o /±60 o ), and coupons were cut such that the axial fiber orientation was always transverse to the longest coupon dimension. The Young's modulus of the CFRP laminate is approximately 60 and 30 GPa in the longitudinal and transverse directions, respectively. Aluminum coupons with dimensions of 25 mm × 100 mm were sheared from large blanks with the rolling direction parallel to the longest coupon dimension. All joints were created with the AA6111 in the T4 (un-aged) condition. A hollow tubular-style rivet as shown in Figure 1b was installed at the locations specified on the respective samples using a servo-driven Henrob SPR gun (Henrob Corporation, New Hudson, MI, USA). The rivet insertion depth was controlled via adjustment of the punch velocity. The velocity was tuned in 5 mm/s increments to deliver the desired CFRP coupons with dimensions of 25 mm × 100 mm were cut from compression-molded plaques with dimensions of approximately 300 mm × 300 mm using a wet diamond saw. The CFRP plaques comprised a three-layer braided fabric (0 • /±60 • ), and coupons were cut such that the axial fiber orientation was always transverse to the longest coupon dimension. The Young's modulus of the CFRP laminate is approximately 60 and 30 GPa in the longitudinal and transverse directions, respectively. Aluminum coupons with dimensions of 25 mm × 100 mm were sheared from large blanks with the rolling direction parallel to the longest coupon dimension. All joints were created with the AA6111 in the T4 (un-aged) condition. A hollow tubular-style rivet as shown in Figure 1b was installed at the locations specified on the respective samples using a servo-driven Henrob SPR gun (Henrob Corporation, New Hudson, MI, USA). The rivet insertion depth was controlled via adjustment of the punch velocity. The velocity was tuned in 5 mm/s increments to deliver the desired rivet head height (or flushness). Lap-shear riveted joints were produced with a flush rivet head height (FHH; no head protrusion) and a proud rivet head height (PHH) 0.30 mm above the surface in the mixed material and similar material stacks. Figure 2 shows the cross-section of representative lap-shear SPR joints in mixed material and similar material stacks produced under different rivet head heights. is AA6111 to AA6111 (FHH). The rivet head height of individual SPR joints were measured after insertion using a handheld digital indicator with a collar fixture, and the average values are presented in Table 1 . After rivet installation, the joined samples were subjected to a heat treatment at 180 • C for 30 min to simulate an automotive paint shop process. Table 1 . After rivet installation, the joined samples were subjected to a heat treatment at 180 °C for 30 min to simulate an automotive paint shop process. The quasi-static lap-shear failure load of the SPR joints was performed on an Instron electromechanical test frame at a cross-head speed of 2 mm/min. Load-controlled fatigue tests were performed on servo-hydraulic test frame at a frequency of 20 Hz for all lap-shear CFRP-to-aluminum SPR joints and 40 Hz for aluminum-to-aluminum lap-shear SPR joints. The fatigue tests were performed at load ratios R = 0.1 and R = 0.5, and a minimum of three specimens were tested at each selected load levels. Tests were discontinued at five million cycles, except for aluminum-toaluminum lap-shear SPR joints, which were tested up to ten million cycles. Doublers with a thickness of 2.5 mm were used during the fatigue test to maintain the alignment of the specimen. The quasi-static lap-shear failure load of the SPR joints was performed on an Instron electromechanical test frame at a cross-head speed of 2 mm/min. Load-controlled fatigue tests were performed on servo-hydraulic test frame at a frequency of 20 Hz for all lap-shear CFRP-to-aluminum SPR joints and 40 Hz for aluminum-to-aluminum lap-shear SPR joints. The fatigue tests were performed at load ratios R = 0.1 and R = 0.5, and a minimum of three specimens were tested at each selected load levels. Tests were discontinued at five million cycles, except for aluminum-to-aluminum lap-shear SPR joints, which were tested up to ten million cycles. Doublers with a thickness of 2.5 mm were used during the fatigue test to maintain the alignment of the specimen.
Results and Discussion

Quasi-Static and Fatigue Test
Since detailed quasi-static tensile test results and analysis of the lap-shear SPR joints have already been presented in our previous work [16] , it will not be discussed here. Overall, the aluminumto-aluminum SPR joints produced with FHH exhibited the highest overall lap-shear failure load, and the CFRP-to-aluminum produced with FHH exhibited the lowest overall lap-shear failure load. The fatigue test results of similar and dissimilar lap-shear specimens tested at R = 0.1 and R = 0.5 are normalized to the highest average lap-shear failure load (aluminum-to-aluminum FHH) observed in this study and are plotted in Figure 3a . In lap-shear joints tested at load ratio R = 0.1 and at a maximum normalized fatigue load range below 0.40, joints produced in CFRP-to-aluminum with a PHH exhibited longer fatigue life compared to those produced with FHH. Irrespective of rivet heights, CFRP-to-aluminum SPR joints have better fatigue lives than joints produced in similar sheets of aluminum. However, when the maximum normalized fatigue load range exceeds 0.40, the fatigue lives of all specimens appear to converge. Between the aluminum-to-aluminum SPR joints produced with FHH and PHH, there was no major difference in fatigue life. In the lap-shear SPR joints that were tested at load ratio R = 0.5, there was no major difference in fatigue life compared to similar and dissimilar stacking. Irrespective of the rivet head height and load ratios, the CFRP-to-aluminum SPR joints failed due to crack growth in the bottom aluminum sheet around the rivet shank as shown in Figure 3b . While the majority of the aluminum-to-aluminum SPR joints failed due crack growth in the bottom aluminum sheet (similar to CFRP-to-aluminum) as observed in Figure 3c , failure due to crack growth in the top aluminum sheet around the rivet head was also observed in a few SPR joints (Figure 3d) . The lap-shear SPR joints that failed in the top aluminum sheet is indicated with a * in Figure 3a . Since a detailed failure analysis of the fractured specimens has already been presented before [16] , it will not be discussed here for the purpose of brevity.
Battelle Structural Stress Method
Cox and Hong simplified the Battelle structural stress method for spot welds and applied it for the SPR joints [24] . In this approach, the rivet is represented by a beam element which is assumed to have a circular cross section and a diameter equal to head diameter of the SPR. This beam element connects the sheets modeled as a coarse mesh of shell elements. The membrane and bending stress are calculated for the normal, transverse shear and in-plane shear components in the surrounding plate. Figure 4 shows the simplified rivet geometry used to calculate the structural stress using a rigid core model for plate structural stresses. By combining the maximum bearing stress in sheet with the maximum bending stress at the edge of the rivet, the maximum normal stress is determined as presented in Equation (1).
where F = √ (F 2 x + F 2 y ), d is the rivet head diameter, and t is the thickness of the single sheet. The maximum bending stress contribution to the normal stress due to applied bending moment is determined using Equation (2):
where M = √ (M 2 x + M 2 y ). Similarly, the maximum bending stress contribution due to a force perpendicular to the plate is calculated using Equation (3):
The structural stress is calculated by combining Equations (1)- (3):
To consider the effect of load ratio, R, the equivalent effective structural stress range is then calculated using Equation (5) .
where R = (1 − R*) 1/m , R* = load ratio, t* = t/t ref , and t = 2.5 mm (thickness of bottom aluminum sheet), t ref = 1 mm, m = 5.6 an arbitrary number, and I(r) 1/m is a fitted dimensionless function of bending ratio r = ∆σ b, max ∆σ m, max +∆σ b, max [31] . As there were no interfacial failures of the SPR joints, the transverse shear structural stress and in-plane shear structural stress are neglected in this study. Figure 4 shows the simplified rivet geometry used to calculate the structural stress using a rigid core model for plate structural stresses. By combining the maximum bearing stress in sheet with the maximum bending stress at the edge of the rivet, the maximum normal stress is determined as presented in Equation (1). 
where
is the rivet head diameter, and t is the thickness of the single sheet. The maximum bending stress contribution to the normal stress due to applied bending moment is determined using Equation (2): Figure 4 . Representative of the SPR joint used in this study superimposed with various forces and moments. The forces and moments shown in insert on right corner are used in the Battelle structural stress method to calculate the components of the structural stress at the edge of the rivet.
As discussed previously, the lap-shear riveted joints in the current study were produced with different material stacking configurations and rivet head heights. Since the laboratory test indicates the fatigue performance of lap-shear SPR joints, especially in CFRP-to-aluminum, are influenced by the rivet head height, it is essential to incorporate the same in the structural stress model. The Battelle structural stress model uses the rivet head diameter (d1) as one of the critical geometrical inputs to calculate the structural stresses. In actual application, the rivet head diameter may not be the crucial damage control parameter as observed in this present study; rather, the diameter of the rivet at its toe after flaring controls the fatigue life [16] . The diameter of the flared rivet or rivet toe diameter is directly influenced by the rivet head height or the amount of rivet head piercing. Therefore, the modified Battelle model in this study incorporates the diameter of the rivet toe from where the fatigue cracks initiated as the crucial geometric input or damage parameter for calculation. That is the diameter of the rivet toe after flaring (d2) for lap-shear SPR joints that fractured in the bottom aluminum sheet and rivet diameter (d2*) for those lap-shear SPR joints that fractured in the top sheet. Figure 5a is the structural stress plot generated using the rivet diameter at the crack initiation site (d2 and d2*), and Figure 5b is the structural stress plot generated using the rivet head diameter (d1) as suggested in the original Battelle model. Between the two plots, the single master S-N curve generated using the rivet head diameter (d1) generated a slightly improved curve compared to the S-N curve generated using the rivet diameter (d2 and d2*) at the fatigue crack initiation site. For comparison with other well-established structural stress models, master S-N curves were also generated using Rupp's structural stress method. For brevity, the equations and methods to develop master S-N curve using Rupp's model will not discussed here and can referred in our previous published article [20] . The master S-N curve obtained using the original Rupp's structural stress method is presented in Figure 5c using the diameters d2 and d2*. It is important to note that the original Rupp's method does not consider the load ratio into effect unlike the original Battelle method. Therefore, the Rupp's method was modified and Equation (5) was incorporated to include the load ratio into consideration, and the master S-N curve thus developed is presented in Figure 5d . Master S-N curve obtained using the simplified Battelle structural stress concept (a) using flared rivet diameter d2 and d2* and (b) using the rivet head diameter d1; (c) master S-N curve obtained with Rupp's model using flared rivet diameter d2 and d2* and not considering the load ratio and (d) master S-N curve obtained with Rupp's model using flared rivet diameter d2 and d2* and considering the load ratio.
The master S-N curves developed using Battelle method does well by not differentiating the specimens which fractured in the top aluminum sheet and bottom aluminum sheet and collapses the spectrum of fatigue data into one single master curve irrespective of the rivet diameter that is considered. This may be due to the small difference in diameter between d2 and d2* (< 0.5 mm). The master S-N curve developed using the rivet head diameter (d1) is slightly better compared to the master S-N curve developed using the flared rivet diameter (d2 and d2*). The difference is not substantial and is due to the fact that the diameter of the flared rivet is only 6% larger at the lowest flared diameter measured and 12 % larger at the highest flared diameter measured. Additionally, the Battelle method also does not differentiate the material stack up and successfully collapses all the fatigue data into one single master S-N curve. This is because, irrespective of the material stack configuration and load ratio, the majority of the lap-shear riveted joints fractured in the bottom aluminum sheet close to the flared rivet toe. The difference in d2 between the lowest flared rivet diameter to largest flared rivet diameter is only 0.4 mm.
Compared to the master S-N curve developed using Rupp's method (Figure 5c ) without considering the load ratio, the Battelle method provides slightly better correlation considering the load ratio. On further modifying the Rupp's method to include the load ratio, the master S-N curve (Figure 5d ) obtained is comparable to the master curve obtained using the Battelle method. Overall, in the Battelle method, the structural stresses are higher when the flared rivet diameter is considered compared to the rivet head diameter as observed in Figure 5a ,b. Although given that the rivet head diameter is more convenient, considering the flared rivet head diameter or the diameter of the rivet at the point of fatigue crack initiation may provide better stress levels in the lap-shear SPR joints.
